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We perform classical trajectory calculations on nonactivated H2 dissociative adsorption on Pd surfaces,
using the surface oscillator model to account for phonons. We show that the role of surface temperature is
closely related to the dynamic trapping process that enhances energy exchange with the surface by increasing
considerably the interaction time before dissociation or reflection. Correlatively, the trapping process itself is
enhanced by energy loss to the surface while it is quenched by energy gain. We show that, for a hot surface,
isotopic effects in temperature dependencies are driven by the enhanced interaction time when the mass
increases for a given energy and not by the ratio of molecule mass to that of surface atoms. Finally, we find that
introduction of energy dissipation toward the bulk through generalized Langevin oscillators gives rise to
molecular adsorption.
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I. INTRODUCTION

Our comprehension of dynamical processes in molecule/
surface interactions has progressed significantly thanks to the
development of density functional theory �DFT� that allows
a routine determination of the potential energy surfaces
�PES� for a molecule in front of a rigid surface. In principle,
it is even possible, through ab initio molecular dynamics, to
determine, on the fly, the evolution of the system electronic
state associated with the dynamical evolution of both the
molecule and surface atoms. Still, the latter method is com-
putationally intensive, which explains why most studies on
dissociative adsorption of molecules were carried out for a
frozen surface, i.e., neglecting molecule/phonon energy ex-
change �see Refs. 1 and 2 and references therein�. For the
case of H2, this procedure has usually been justified by in-
voking the mass mismatch between the molecule and surface
atoms. Experimental evidence3,4 on the weak dependence of
sticking probabilities on surface temperature, Ts, was also
used as a confirmation of the weak coupling between mo-
lecular and surface degrees of freedom �DOF�. However, re-
cent molecular beam experiments have shown that low-
energy H2 molecules may exchange large amounts of energy
with surface phonons, even for systems for which the stick-
ing probability presents a weak Ts dependence.5,6 These ob-
servations have renewed interest in the role of energy ex-
change with phonons for light molecules.

The first theoretical attempts to understand Ts effects in
sticking of light molecules on metal surfaces were stimulated
by measurements of energy and angular distributions of D2
molecules desorbing from Cu�111�.7,8 The initial sticking
probability as a function of incidence energy, S�Ei�, was de-
rived from the latter measurements by the application of a
detailed balance and the use of an analytic form for S�Ei�,

assumed a priori to be generic for activated dissociation. The
S-like curve thus obtained for S�Ei� broadens with increasing
Ts. At energies close to threshold, a clear enhancement of the
sticking probability is also observed when heating the
surface.7,8 The simplest method accounting for molecule-
surface energy exchange is the surface oscillator �SO�
model.9,10 In the latter, a single harmonic oscillator of fre-
quency � is used to represent surface vibrations and the mo-
tion of this oscillator couples to molecular motion via a rigid
shift of the PES along the oscillator coordinate.9,10 Despite
its simplicity, the SO model successfully accounts11–13 for
the Ts dependence of the experimental sticking probability.7,8

As far as theory is concerned, much less attention has
been paid to Ts effects in H2 sticking on more reactive sur-
faces for which dissociation is nonactivated.44 In the latter
case, at low energies, the sticking probability is large and
barely depends on Ts. It is to note, however, that a slight
decrease of adsorption with Ts �Refs. 14–16� has been ob-
served in some cases, in contrast with the increase observed
for H2/Cu. The reaction mechanisms responsible for the
nonactivated adsorption of H2 on metals at low energies has
been a matter of debate over the last years �see, e.g., Refs.
15–32�. There exists experimental and theoretical evidence
of an indirect mechanism for the dissociation of H2 on sev-
eral metal surfaces.16,21,27–32 At low energies �below
�0.1–0.15 eV� two mechanisms contribute to dissociation:
direct and indirect �dynamic trapping�. Whereas some mol-
ecules dissociate directly when approaching the surface �di-
rect mechanism�, others spend a long time close to the sur-
face, undergo many rebounds, and explore a large surface
area before dissociation �dynamic trapping�. With increasing
impact energy, the role of dynamic trapping decreases and,
eventually, dissociation only takes place through a direct
mechanism. Dynamic trapping can be considered as the mo-
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bile procursor for dissociation invoked by many authors in
the past, but in contrast with the usual picture of a precursor
state, dynamic trapping is due to energy transfer from trans-
lation perpendicular to the surface to other molecular DOFs
and does not require energy loss to the surface. Dynamic
trapping allows us to explain the increase of the sticking
probability when Ei decreases at low energies.29–31 For the
present study, the most important feature of dynamic trap-
ping is the associated long H2-surface interaction time, be-
fore reflection or dissociation, which allows an efficient en-
ergy exchange with phonons.33

Experimentally, it is not trivial to sort out the contribu-
tions of direct and indirect mechanisms and this may be de-
pendent on the reactivity of the system.16,31 In particular,
dynamic trapping may dominate at low energies for adsorp-
tion and reflection in systems characterized by a small num-
ber of nonactivated paths to dissociation. It might be possible
to observe its fingerprint, for instance, in the angular distri-
bution of reflected molecules.16,21,27,31,34

Whereas the effect of energy exchange with phonons on
direct adsorption might be expected to be the same as for
activated dissociation, its effect on dynamic trapping is less
obvious for light molecules. Mass mismatch and long inter-
action times are competing factors and the overall effect
might be strongly influenced by the PES shape. Moreover,
the fact that, in general, adsorption takes place at low ener-
gies through both direct and indirect mechanisms,29,31 makes
it more difficult to predict the net effect of Ts. It is our ob-
jective in this present paper to shed some light on these is-
sues. To the best of our knowledge, there has been no de-
tailed theoretical study, until now, of Ts effects in H2
nonactivated adsorption, and, even more generally �i.e., for
activated adsorption as well� using an ab initio PES that
takes into account all molecular DOF.

The present work is based on our previous work in which
the 6D PES for H2/Pd�111� and H2/Pd�110� have been de-
termined with DFT and the dissociative adsorption process
has been studied in depth for the rigid surface �RS�
model.28,29,31,35 Surface temperature effects are studied with
the SO model. One limitation of the latter is in the absence of
coupling with the bulk, which implies energy conservation
for the ensemble SO+H2. One most efficient way to account
for energy exchange with the bulk is to consider the gener-
alized Langevin oscillators �GLO�9,36 model. The latter
model has been used in a large body of contributions to
represent the interaction of the surface layer�s� and adsor-
bates with the “thermal bath” provided by the bulk.

Finally, we would like to stress that our ambition is less in
simulating or making quantitative predictions for conditions
relevant to measurements than in understanding the mecha-
nisms through which temperature effects can be effective in
nonactivated dissociation. In this respect, further DFT calcu-
lations with the projector augmented wave �PAW� method
give rise to a more reactive PES for H2/Pd�110� compared to
that obtained previously with ultrasoft pseudopotentials
�US�,31 the one used in the present calculations. Even though
the reactivity might be underestimated, this is an advantage
for our purpose, which is to compare Ts effects in nonacti-
vated systems with different reactivities.

II. METHODS

The present classical trajectory calculations for
H2/Pd�111� and H2/Pd�110� are based on the six-
dimensional PES’ previously used in Ref. 31 for the rigid
surface �RS� model. We perform C-ZPE calculations as de-
fined in Ref. 29. The initial internuclear distance in the mol-
ecule is assumed to be fixed at its equilibrium value, as in
so-called “classical calculations.” However, the effect of the
vibrational zero-point energy �ZPE� variation in the entrance
channel is accounted for as in Eq. �3� of Ref. 31. The validity
of this method has been previously shown through the com-
parison with quantum results using the same PES for
H2/Pd�111� within the RS model.30,32

A particular configuration of the molecule in front of the
rigid surface is defined by the Cartesian coordinates of its
center of charge X , Y , Z—with the Z axis normal to the
surface, pointing toward vacuum, and the X axis along the
line connecting two nearest surface atoms—the internuclear
distance, r, the polar, �, and azimuthal, �, angles of the in-
ternuclear axis. Alternatively, one may use the Cartesian co-
ordinates RA�XA ,YA ,ZA� and RB�XB ,YB ,ZB� of the nuclei A
and B.

The surface oscillator �SO� model represents the surface
motion in terms of a single 3D harmonic oscillator of mass
ms with coordinates Rs�Xs ,Ys ,Zs� and associated 3�3 fre-

quency matrix �̂s. The H2 phonon coupling is described by a
space rigid shift Rs of the 6D potential energy surface,
V6D�RA ,RB�, for the molecule in front of the rigid surface,
i.e.,

VSO�RA,RB;Rs� = V6D�RA − Rs,RB − Rs� . �1�

The generalized Langevin oscillator �GLO� model adds dis-
sipation and thermal fluctuations with the help of a ghost 3D
oscillator with coordinate U�Ux ,Uy ,Uz� and associated fre-
quency matrix �̂g. The ghost oscillator and surface oscillator

are coupled by a coupling matrix �̂gs. In addition, the ghost
oscillator is subject to a friction force with damping matrix
	̂g and to a random force W�
t�. The latter is a Gaussian
white noise source with variance �2kBTs	g /ms 
t�1/2. Here,

t is the time integration step and kB is the Boltzmann con-
stant. With these definitions, the equations of motion for the
12 coordinates characterizing the system read as

d2RA,B

dt2 = −
1

mA,B
�RA,B

V6D�RA − Rs,RB − Rs� , �2�

d2Rs

dt2 = −
1

ms
�Rs

V6D�RA − Rs,RB − Rs� − �̂s
2Rs + �̂gsU ,

�3�

d2U

dt2 = − �̂g
2U + �̂gsRs − 	̂g

dU

dt
+ W�
t� . �4�

Equations �2�–�4� are the same as those of Refs. 36 and 9,
except for a small change in notations. In contrast with Ref.
9, the 3D ghost oscillator moves in three dimensions. An
alternative channel for energy transfer to the surface, not
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accounted for by the GLO model, is electron-hole pair cre-
ation whose role in the H2-metal surface dynamics is still not
well established.1,2

The SO model is obtained from the GLO model by elimi-
nating any reference to U in Eqs. �3� and �4�. The system is,
then, conservative and characterized by nine coordinates �the
six molecular DOFs, and three for the surface oscillator�.
The RS model is obtained from the SO model by setting
Rs=0. For the time integration in the RS and SO models we
have used the predictor-corrector method of Burlisch and
Stoer37 whereas for the GLO model we have used the third-
order procedure of Beeman38 as in the work of Tully et al.39

From now on, we use the subscripts RS, SO, and GLO to
label the probabilities obtained with the corresponding
model.

III. RESULTS AND DISCUSSIONS

We discuss first our results in the SO model that allow us
to understand more easily the main trends in the role of
molecule/phonon energy exchange. The additional specific
role of dissipation to the bulk will be discussed in the fol-
lowing section on the GLO model.

A. Parameters

We have first to fix the values of the parameters for the
SO and GLO models. First of all, we have assumed that all
matrices in Eqs. �3� and �4� are diagonal. For a more direct
comparison between Pd�111� and Pd�110�, we have em-
ployed the same surface oscillator frequencies for both
surfaces:33 �p,X

2 =�p,Y
2 =6�10−4 and �p,Z

2 =4�10−4 �in a.u.�.
The same values are used for the ghost oscillators. In fact,
our results are not sensitive to �p. For �p→� the RS model
is regained. This is also the case for �→0, except that the
H2 mass is then replaced by the H2/oscillator reduced mass.45

The SO/RS difference only appears for �p in the range �5
�10−5 ,5�10−2�. In this range, all qualitative behaviors de-
scribed below are the same; only the absolute magnitudes
change with a maximum effect observed around the above
values. For example, when Ts=10 K, the dissociation prob-
ability for a 10 meV H2 incident on the �111� surface is
0.967 for �p=6�10−5, 0.944 for �p=6�10−4, and 0.974
for �p=6�10−3. The corresponding figures are 0.93, 0.9,
and 0.92 for Ts=800 K. The GLO model relies on the damp-
ing factor 	, which we assume isotropic. Results given below
are for 	���D /6�4.5�10−4 a.u., where �D is the Pd De-
bye frequency, as proposed by Adelman and Doll.40 We have
run calculations at low energies �when the SO/RS difference
is maximum� for 	=4.5�10−n, with n varying from 3 to 6,
and no significant difference was found. In addition, the dis-
cussion below allows us to sort out the role of dissipation
and, thus, predict the outcome of increasing or decreasing
even more the value of 	. In general, for each value of Ei and
Ts we have computed 10 000 trajectories �50 000 for Fig. 6�
that allow us to obtain statistical errors lower than approxi-
mately 1%, which is enough for our purposes.

B. SO model

1. Energy exchange and trapping

Figure 1 shows the dissociative adsorption probability,
Pdiss, of H2�J=0� on Pd�111� and Pd�110� as a function of the
impact energy obtained for various surface temperatures.
They do not agree with those of the RS model, even at very
low surface temperatures, a clear measure of the role of en-
ergy transfer between the molecule and the surface. The Ts
effect is, in general, weak, being more important for
H2/Pd�110� than for H2/Pd�111�. It is larger at low energies,
where Pdiss decreases when Ts increases. For Ei
150 meV,
the adsorption probability is nearly independent of Ts and
close to that of the RS model.

To understand the origin of the surface temperature de-
pendence at low energies, it is useful to study separately the
contribution of direct and indirect �dynamic trapping�
mechanisms. A simple way to discriminate them is through
the number of rebounds on the surface, Nreb. We consider
that a trajectory has been trapped when Nreb
5. The lower
panels in Fig. 1 give the decomposition of the dissociation
probability in terms of the trapping contribution �molecules
that dissociate after at least five rebounds� and the comple-
mentary “direct” one. They show that the temperature effect
is far more important for the trapping contribution and that
an increase in temperature decreases the dissociation prob-
ability through trapping.

Let us call Ptrap the fraction of trajectories for which
Nreb
5, whether they lead to dissociation or not. The tem-
perature dependence of the trapping probability for the �110�
surface is given in Fig. 2. Similar results are obtained for
H2/Pd�111�. It can be seen that Ptrap always decreases when

FIG. 1. �Color online� Dissociative adsorption probability of H2

on the Pd�110� �left� and Pd�111� �right� surfaces as a function of
impact energy, calculated in the surface oscillator �SO� model for
various surface temperatures. Results for the rigid surface �RS� are
given for the sake of comparison. Upper panels give the total prob-
ability and lower panels their decomposition in terms of direct and
trapping contributions.
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Ts increases, though its magnitude never differs much from
the value for the RS. We recall that dynamic trapping, for a
rigid surface, is a direct consequence of the attractive char-
acter of the PES far from the surface. The transfer of energy
from perpendicular motion to other molecular DOFs, due to
the surface anisotropy when the molecule approaches the
surface, may prevent the molecule from climbing back from
the PES slope toward the vacuum. This effect is at a maxi-
mum for very low energies since the whole transferred en-
ergy must then be given back to normal motion to make
reflection possible �see the discussion in Ref. 31�. This par-
ticular form of trapping does not involve energy exchange
with the surface and has been accordingly named “elastic”
trapping.41 In addition, one may easily understand how in-
elastic processes may influence the trapping mechanism. En-
ergy loss by the molecule will enhance trapping since it will
make it even more difficult for the molecule to climb back
the potential toward the vacuum. Such an enhancement
might be referred to as “inelastic” trapping. On the converse,
energy gain will help reflection and therefore damp the trap-
ping mechanism. The fact that the trapping probability does
not differ much from the rigid surface value shows that the
trapping process is still essentially due to the 6D dynamics
�i.e., to energy exchange between molecular DOFs as in the
RS model�. Thus, the dynamic or elastic trapping is the basic
process at work. With these ideas in mind, it is easy to un-
derstand the origin of the temperature dependence.

The vertical arrows in Fig. 2 indicate the values of Ts for
which kBTs=Ei: 116 K for Ei=10 meV and 557 K for Ei
=48 meV �it would be 1160 K for Ei=100 meV�. When Ei

kBTs, the energy involved in normal motion makes the
molecule initially hot compared with the surface. One may
expect that, on average, the molecule will transfer energy to
the surface. As lowering the kinetic energy of the molecule
enhances trapping, PSO

trap
 PRS
trap when Ei
kBTs. On the other

hand, when Ei�kBTs molecules are initially cold �compared
with the surface� and will be more likely to receive energy
from the surface. In this case, PSO

trap� PRS
trap, in agreement with

the expected decrease of trapping when the kinetic energy of

the molecule increases. This can be proved quantitatively by
looking at the distribution of energy gains by reflected mol-
ecules as shown in Fig. 3 for 10 meV impact on the �111�
surface. For 10 K, the energy transfer goes essentially from
the molecule toward the surface and the converse is true for
400 and 900 K.

After gaining insight into the relation between energy ex-
change and trapping, we turn now to the relative yield of
dissociation and reflection. This is shown in Fig. 4 for
Pd�110�. The most striking result is that the temperature ef-

FIG. 2. �Color online� Fraction of trajectories in H2 impact on
Pd�110� involving trapping before dissociation or reflection as a
function of surface temperature and for various impact energies.
Arrows represent the value of Ts such that kBTs=Ei. Dashed lines
correspond to the value for a rigid surface.

FIG. 3. �Color online� Reflection probability per meV of energy
gain for H2 molecules reflected from the Pd�111� surface. Impact
energy is 10 meV.

FIG. 4. �Color online� Fraction of trapping trajectories in H2

impact on Pd�110� leading to dissociation �a� or reflection �b� as a
function of temperature and for various impact energies. Arrows
represent the value of Ts such that kBTs=Ei. Dashed lines corre-
spond to the value for a rigid surface.
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fect on dissociation through trapping �Fig. 4�a�� is enhanced
with respect to the effect on global trapping of Fig. 2, which
goes along with a correlative increase of reflection associated
with trapping �Fig. 4�b��. In fact, this trend can be easily
understood. For Ei
kBTs, energy loss to the surface is often
large enough to quench reflection while for Ei�kBTs energy
gain will help a larger fraction of the trapped molecules to go
back into the vacuum, explaining the regular increase of the
reflected fraction with temperature. The latter effect pro-
vokes a dramatic increase with temperature, for low impact
energies, in the fraction of reflected molecules that have suf-
fered trapping, as seen in Fig. 5. For the case of the �111�
surface, no variation with temperature is observed for re-
flected molecules because of the higher reactivity of the lat-
ter surface that entails that nearly all trapped trajectories lead
to dissociation.

It is possible to confirm this role of dynamic trapping in
molecule/surface energy exchange by looking at the energy
exchange as a function of the rebound number. The latter
quantity can only be defined unambiguously for reflected
molecules because in their final state they do not interact
with the surface. For each reflected molecule we note the
total rebound number and the associated energy change. The
latter is plotted as a function of the former in Fig. 6 for the
�111� surface. We observe that it first increases and then
reaches a “saturation” value, indicating that a quasiequilib-
rium has been reached for a large enough rebound number:
in further recollisions with the surface, the energy gains are,
on average, compensated by losses. When the incident mol-
ecule is hot with respect to the surface, energy exchange
does go from the molecule toward the surface, and vice
versa. Also, the hotter the surface the larger the equilibrium
value of the energy gain.

2. Connection with experiment

In the case of initial sticking of H2 on Pd surfaces, mea-
surements can be carried out for a temperature window of
400–900 K. We consider first the case of Pd�111�. For a
nonrotating molecule, we predict a variation in the latter Ts
interval of only �5% for Ei�25 meV and an almost negli-
gible one for higher energies �see Fig. 1�. Moreover, we
found an even smaller Ts effect for initially rotating mol-
ecules because of the decreasing role of trapping. As H2
beams usually involve a majority of rotationally excited mol-
ecules, we would not expect any effect of Ts on the measured
sticking probability. We found stronger Ts effects for the
�110� surface because of the more important role of dynamic
trapping in the latter case:31 the decrease in Pdiss is approxi-
mately 10% as Ts goes from 400 to 900 K and for the lowest
energies. It is negligible for energies above 150 meV. In ad-
dition, dynamic trapping is less sensitive to the initial value
of J. We would therefore expect a measurable reduction of
the sticking probability with increasing Ts, in line with the
experimental result for H2/W�100�-c�2�2�Cu16,21 in which
the dissociative adsorption takes place almost exclusively via
dynamic trapping at low energies. A decrease of the sticking
probability with increasing temperature has also been ob-
served for H2 dissociation on Ni�110�14 and W�100�15 at low

impact energies, where the dissociation probability for these
systems is decreasing with energy. If the latter behavior is
considered as a clue that trapping is effective, the interpreta-
tion of the temperature dependence is consistent with the
above discussion.

3. Mass effect

It is usually assumed that the mass ratio between the pro-
jectile and surface atoms is the key factor governing energy
exchange with surface phonons. In Ref. 33, it has been al-
ready pointed out that the interaction time plays an important
role. We show, in the present section, how the relative im-
portance of these two factors can be estimated.

In a first step, we have performed calculations for deute-
rium and tritium molecules for both a rigid surface and a
surface with a temperature of 900 K. Results are plotted in
Fig. 7 for Pd�110�. For the rigid surface, the difference be-
tween calculations for H2, D2, and T2 is negligible at low
energies. It is at maximum for impact energies around
150 meV and decreases slowly at larger energies. For the hot
surface, no difference is observed above 150 meV with

FIG. 5. �Color online� Fraction of reflected molecules that have
been trapped as a function of impact energy.

FIG. 6. Energy gain by H2 molecules reflected from a Pd�111�
surface as a function of the rebound number. The impact energy is
10 meV. The surface temperature Ts is 400 K �a� and 900 K �b�.
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respect to the rigid surface case, confirming the absence of
temperature effects in this energy region. However, a large
difference now appears below 150 meV.

Various factors may contribute to the isotopic effect. One

is related with the ZPE of the molecule in the entrance chan-
nel. As already explained above, our calculations account for
the variation of ZPE energy in the approach toward the sur-
face through an additional term in the PES of the form

ZPE = �ZPE0, if Z � Z2

ZPE0 − 
/2 + 
/2 cos���Z − Z2�/�Z2 − Z1�� , if Z1 � Z � Z2;

ZPE0 − 
 , if Z � Z1;
� �5�

where Z1 is 0.7 Å �resp. 1 Å� and Z2=2.7 Å �resp. 3 Å� for
Pd�110� �resp. Pd�111��. The coefficient 
 is equal to
60 meV for H2, 42.4 meV for D2, and 34.6 meV for T2. It is
the only mass effect for the case of the rigid surface �Fig.
7�a��, which leads us to conclude that the isotopic effect
above 150 meV in Fig. 7�b� is entirely due to the ZPE
change.

For the low-energy range, two additional effects come
into play. For a given impact energy, the evolution time
scales like the square root of the mass, i.e., the evolution is
slower for heavier projectiles. In addition, the mass ratio be-
tween surface atoms and projectile changes. As we already
know that the ZPE change does not play a role at low ener-
gies �see Fig. 7�a��, we have to find a way to discriminate
between the last two factors. The easiest way to do it is to
make calculations for H2 while changing the surface atom
mass and conserving the same value for the SO vibration
frequency. In this way the evolution time scale �both for the
projectile dynamics and surface vibrations� remains un-
changed. We did calculations with a surface atom mass di-
vided by 2, which should be compared with our previous
results for D2 impact, and by 10. Results are plotted in Fig.
7�b�. One notes immediately that the results for a surface
atom mass divided by two are nearly identical to those for
H2. This proves definitively that the main factor is the time
scale and not the mass ratio! This conclusion is confirmed by

calculations with the surface atom mass divided by 10. In
spite of this large reduction, results are very close to those
for H2 and much closer to H2 than those for T2.

As the above conclusion contradicts the usual statement
on the role of the mass ratio in energy exchange with the
surface, it should be made clear that our argument concerns a
hot surface. Indeed, it is easy to understand why this is so in
the latter case. The typical surface vibration time is 0.25 ps.
If the process of interest takes place over a time much shorter
than the latter value, the projectile does not see any surface
motion. However, if the reaction time is of the order of the
vibration time, then the projectile, whatever the value of its
mass, evolves in an “external” time-dependent potential that
causes energy exchange. The absolute value of the projectile
mass �not its ratio to the surface atom one� is one factor
determining the reaction time. However, much more signifi-
cant is the occurrence of a mechanism, increasing the inter-
action time with the surface like dynamic trapping. The in-
terpretation of Fig. 7 for low energies is now clear. Because
of the increase in reaction time, D2 exchanges energy more
efficiently than H2 with the surface. We have shown above
that, for the case of a hot surface, energy flows from the
surface to the adsorbate, which allows dynamically trapped
molecules to go back into the vacuum, hence a decrease in
dissociation. This phenomenon is even larger for T2.

The situation is different for a “cold” surface. Then, the
amplitude of surface vibrations is small, hence that of the
potential temporal variation. The consequence is shown in
Fig. 8: the mass effect is much smaller than for the hot sur-
face. In addition, for a cold surface, energy flows from the
molecule toward the SO, which increases dissociation.

C. GLO model

One limitation of the SO model is that energy dissipation
to the bulk is not considered. This might be a serious short-
coming when the energy exchanged with the SO is large
compared with kBTs and the interaction time is longer than
the typical one for energy dissipation to the bulk. Our clas-
sical trajectory calculations show that this is most likely to
arise for low impact energies and low surface temperatures.
Therefore, we have also carried out calculations within the
GLO model that incorporates dissipation effects. We present

FIG. 7. �Color online� Dissociation probability for H2, D2, and
T2 on Pd�110� for the rigid surface �a� and surface oscillator �b�
models. The SO calculation is for Ts=900 K. Full �resp. open�
circles are calculations for H2 with the surface atom mass divided
by 2 �resp. 10�.
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in Table I our results for adsorption on the �110� surface
calculated from the fraction of trajectories that do not lead to
reflection. It is clear that the total adsorption probability,
Pads, and the contribution of trapping to adsorption, Pads

trap,
from GLO calculations agree closely with the SO ones.
Similar results are obtained for the �111� surface. Therefore,
the conclusions of Sec. III B remain unchanged.

However, a closer inspection of our GLO trajectory cal-
culations for Pd�110� shows the surprising appearance of a
new adsorption channel with high probability: molecular ad-
sorption! Indeed, we find trajectories for which the molecule
remains close to the surface without dissociating after
�45 ps, a very long time compared to the average one asso-
ciated with dissociation through trapping in the SO calcula-
tions. Furthermore, at this time, all trajectories are confined
within a small volume of configuration space. The corre-
sponding final state is that of a molecule in a potential well
over the top site or within approximately 0.6 Å of the top
site along the Y axis.46 The molecular geometry associated
with the PES well corresponds to r�0.8–0.85 Å, Z�1.4–
1.7 Å, ��� /2, whereas the large range of possible � values
shrinks as one gets away from the top site. We have verified

that the well is a true local minimum in six dimensions. The
existence of such minima has been postulated for many years
and referred to as precursor states. Dong et al. were the first
to find them in ab initio calculations and to study their ge-
ometry for H2/Pd�111�42 and H2/Pd�110�.43 The present one
is �350 meV deep with respect to the minimum value of the
H2 potential in vacuum.

We give in Table I and Fig. 9 the probability, Pmol, of
molecular adsorption. By definition, this probability corre-
sponds to a fraction of the adsorption probability associated
with trapping. The total adsorption probability associated
with trapping, Pads

trap, is the sum of Pmol and the dissociation
probability, Pdiss

trap. As we have noted above, it agrees com-
pletely with the SO result. Therefore, molecular adsorption is
a direct consequence of the dissipation added in the GLO
calculations. In fact, in the SO model, the conservation of
energy allows an energy exchange to and from the surface.
So even if a molecule may be temporarily trapped into the
“precursor” well, it will eventually regain enough energy to
leave the well and dissociate. The only way that a similar
process may take place in the GLO is through thermal fluc-
tuations that have a much longer characteristic time.

Molecular adsorption decreases sharply when either Ei or
Ts increase. As Ei increases, not only does the energy to be
dissipated in molecular adsorption increase but dynamic

FIG. 8. �Color online� Dissociation probability for H2, D2, and
T2 on Pd�110� in the surface oscillator �SO� models. The surface
temperature, Ts, is 10 K.

TABLE I. Probability of H2 adsorption �dissociative or molecular� on a Pd�110� surface for various initial energies and surface tempera-
tures using the surface oscillator �SO� and generalized Langevin oscillator �GLO� models. Results for a rigid surface �RS� are included for
the sake of comparison. Pads: total adsorption, Pads

trap: adsorption mediated by dynamic trapping, Pmol: molecular adsorption.

Ts=10 K Ts=100 K Ts=400 K Ts=900 K

SO GLO SO GLO SO GLO SO GLO RS

Ei=10 meV Pads 1.00 1.00 0.99 0.99 0.94 0.93 0.86 0.83 0.99

Pads
trap 0.87 0.87 0.86 0.86 0.79 0.78 0.69 0.67 0.86

Pmol — 0.57 — 0.46 — 0.09 — 0.00 —

Ei=48 meV Pads 0.94 0.96 0.92 0.94 0.85 0.86 0.79 0.78 0.85

Pads
trap 0.68 0.70 0.66 0.68 0.59 0.59 0.50 0.50 0.56

Pmol — 0.32 — 0.24 — 0.04 — 0.00 —

Ei=100 meV Pads 0.78 0.82 0.76 0.79 0.74 0.76 0.72 0.72 0.70

Pads
trap 0.36 0.39 0.34 0.38 0.32 0.34 0.29 0.30 0.28

Pmol — 0.09 — 0.06 — 0.01 — 0.00 —

FIG. 9. �Color online� Molecular adsorption probability as a
function of temperature for various impact energies Ei. H2: left
panel, D2: right panel.
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trapping—the process that allows enough energy loss to pro-
duce molecular adsorption—decreases rapidly �see Fig. 9�.
When Ts increases, dynamic trapping decreases and simulta-
neously a hotter surface provides more energy to dynami-
cally trapped molecules, as we have seen in Sec. III B, which
enhances desorption and dissociation. For the �111� surface,
molecular adsorption is much less important. For instance,
for Ei=10 meV and Ts=10 K, Pmol=0.03, i.e., much smaller
than the value of 0.56 obtained for the �110� surface. The
higher reactivity of the �111� surface PES entails that the vast
majority of trapped molecules dissociate before dissipating
enough energy to get molecularly adsorbed.

The question then arises of the possibility to observe ad-
sorbed molecules on the �110� surface. A discussion has al-
ready been given in Ref. 41 and it will not be repeated here.
The crucial parameter is the lowest barrier that the molecule
has to overcome to leave the precursor state. We found a
height of 200 meV above the well bottom on a path leading
to dissociation, which should be compared with the desorp-
tion energy of �350 meV. So, heating of the surface should
produce dissociation of the chemisorbed molecules rather
than desorption.

IV. CONCLUSIONS

We have shown how the surface oscillator model allows
us to understand how surface temperature effects come into
play when studying nonactivated dissociation of a light mol-
ecule like H2. The most striking conclusion is that tempera-
ture effects are closely related to dynamic trapping. Although
a slight effect might also be observed in direct processes, it
should be kept in mind that there is not a clear-cut separation
between direct and trapped trajectories and that direct trajec-
tories include those that have rebounded up to five times on
the surface. When the molecule is “hot” with respect to the
surface, in the course of the dynamic trapping process, en-
ergy is lost to the surface. This enhances the trapping effect
and, therefore, the dissociation probability. On the other

hand, if the molecule is “cold” with respect to the surface, it
gains energy from phonons, which quenches trapping and
increases reflection. All the features that we have observed in
our calculations can be understood in terms of this simple
picture. We have shown that some experimental observations
give weight to our interpretation.

It has been generally considered that the mass mismatch
between the molecule and surface atoms can be used as a
criterion to justify the rigid surface model. Actually, we find
that this is not a valid argument as far as hot surfaces are
concerned. In the latter case, the key factor is the reaction
time compared to a typical surface vibration time. In a fast
reaction, the molecule does not see any surface motion and
temperature effects are weak. The maximum energy ex-
change will take place when both times are comparable.

Finally, we have shown that the surface oscillator model
reaches a limit when dissipation of energy to the bulk is a
relevant issue. We have used a generalized Langevin oscilla-
tor to account for dissipation from the surface oscillator to
the bulk. While this has no consequence in global sticking
and reflection rates, it opens the possibility of molecular ad-
sorption into a “precursor” well. These molecular adsorption
states decay toward dissociation and should only be observed
at low surface temperature because: �i� a cold surface is re-
quired so that the molecule will lose energy; �ii� the precur-
sor states may be depopulated if the barrier of 200 eV can be
overcome.

Although we do not pretend that the surface oscillator
model might be considered as an accurate representation of
phonon effects, the results of the present work allow us to
gain some useful insight into the circumstances under which
the latter are likely to play an important role. A preliminary
study with a rigid surface may be sufficient in many cases to
establish if surface temperature might play a role or not.
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